Abstract: Carbon (C) sequestration through the implementation of agroforestry practices is identified as one of the major strategies in the reduction of carbon dioxide (CO 2 ) emissions from the agricultural sector. The objective of this study was to examine the soil organic carbon (SOC) sequestration potential of major shelterbelt species, including green ash (Fraxinus pennsylvanica), hybrid poplar (Populus spp.), Manitoba maple (Acer negundo), white spruce (Picea glauca), Scots pine (Pinus sylvestris), and caragana (Caragana arborescens), ranging in age from 5 to 63 yr. Soil samples (0-50 cm) were collected for six major shelterbelt species and adjacent agricultural fields, and SOC concentration was determined. Shelterbelts had a significantly higher amount of SOC compared with adjacent agricultural fields, with an average difference of 18.6 Mg C ha −1 in the top 50 cm soil. An additional 3-8 Mg C ha −1 was contained in the tree litter layer. Younger shelterbelts (age less than 20 yr) tended to lose SOC in the early years of shelterbelt establishment. However, the SOC accrual was positively related to shelterbelt stand age. Besides stand age, other shelterbelt stand characteristics, including tree height and diameter, crown width, and amount of surface litter, were also positively correlated with the increase in SOC concentration. The findings of this study support the hypothesis that shelterbelts can lead to a significant amount of SOC sequestration in agroecosystems.
Introduction
The increase in the temperature of earth's near-surface air and oceans in recent decades, known as global warming, is among the most serious of the contemporary environmental issues (Nair et al. 2010) . The global mean temperature is further expected to increase by 2-7°C over the 21st century due to the increase in atmospheric greenhouse gas (GHG) concentrations, especially carbon dioxide (CO 2 ) (Wu et al. 2011) . Soils are the largest terrestrial pool of organic carbon (C). They have the potential of storing C by acting as C sinks, thereby removing CO 2 from the atmosphere (Canadell et al. 2007; Powlson et al. 2011a) , and this process of transfer and long-term storage of atmospheric CO 2 into soils is termed as soil C sequestration (Powlson et al. 2011b) . A 5%-15% increase in the amount of soil organic carbon (SOC) stored in the soils up to a 2 m depth could decrease atmospheric CO 2 concentration by 16%-30% (Baldock 2007; Kell 2011) . Currently, agricultural activities are a major source of anthropogenic GHG emissions and contribute to about 20% of global GHG emissions (Lokupitiya and Paustian 2006) . Cultivated Canadian soils are reported to have lost about 15%-35% of the SOC stocks compared with the pre-settlement levels, thus contributing to the build-up of GHG levels (Dumanski et al. 1998) . Dumanski et al. (1998) estimated that the adoption of efficient soil and agricultural management practices can lead to SOC sequestration of around 2 Tg yr −1 , over a 30 yr period, and offset about 50%-75% of the total annual agricultural emissions of CO 2 in Canada. Thus, there is a need to adopt sustainable agroecosystem management practices to encourage C sequestration in soils to reduce the atmospheric CO 2 concentration. Agroforestry systems, consisting of the deliberate association of trees with crops on the same land-unit, have been recommended by the Intergovernmental Panel on Climate Change as a sustainable alternative to single-crop systems to mitigate the effects of GHG emissions (Schoeneberger 2009 ). Agroforestry systems have the ability to sustain or enhance agricultural productivity (Kang et al. 1985; Kort 1988; Thevathasan and Gordon 1995) , while also helping in soil conservation (Montagnini and Nair 2004) , maintenance of soil fertility (Thevathasan and Gordon 2004) , restoration of degraded ecosystems (Montagnini 2001) , and nutrient and organic matter (OM) cycling and retention in soils (Fassbender and Alpízar 1987; Beer 1988) . Shelterbelts or windbreaks is an agroforestry practice that consists of linear rows of trees around agricultural fields, primarily for the purpose of controlling wind speed and erosion to protect soils, crops, and farmyards (Brandle et al. 2004; Mize et al. 2008) . Shelterbelts have been historically planted extensively on the Canadian prairies and Great Plains of the USA since the early nineteenth century (Watters 2002; Udawatta and Jose 2011) and are associated with a variety of social, monetary, and ecological benefits including snow entrapment and moisture retention (Scholten 1988) , increase in crop and livestock productivity (Kort 1988 ) and enhancement of agricultural landscapes (Cook and Cable 1995; Cable 1999) . Along with these ecological benefits, shelterbelts also offer great potential for C sequestration (Brandle et al. 1992; Kort and Turnock 1998) . Kort and Turnock (1998) estimated the aboveground C sequestration potential in the shelterbelts of Canadian prairies to range from 11 to 105 Mg C km −1 depending upon the tree species. However, these C stock estimates did not include belowground biomass and SOC stocks. To gain an accurate assessment of the carbon sequestration potential of the shelterbelts, C stock estimates should also include soil C and tree litter estimates along with the biomass (Nair and Nair 2003) .
There are a number of studies that advocate the strong potential benefits of incorporation of trees into the agricultural fields for the sequestration of C in soils (Nair et al. 2009b) . Trees can sequester atmospheric CO 2 in soils primarily due to higher C inputs associated with tree litter and roots, and lesser disturbance by management practices, compared with agricultural crops (Young 1997; Oelbermann et al. 2004) . However, only a few studies have determined SOC storage for agroforestry systems (Peichl et al. 2006; Sauer et al. 2007; Baah-Acheamfour et al. 2015) , and Nair et al. (2009a) suggest that our understanding of SOC sequestration and dynamics under agroforestry systems is inadequate. While the studies on afforestation (Paul et al. 2002; Laganiere et al. 2010; Vesterdal et al. 2013 ) may provide insight on the effect of agroforestry trees on SOC storage, the C sequestration potential of agroforestry systems is expected to be different from afforested tree plantations or forests due to differences in tree growth patterns (Udawatta and Jose 2011) . Moreover, the findings about SOC sequestration potential of afforested and tree plantation systems are also not consistent. While some studies indicate high SOC sequestration potential (Jenkinson 1971; Garten 2002) , other studies have demonstrated limited to no increase in the SOC stocks (Richter et al. 1999) . Agroforestry systems may also differ amongst themselves in terms of SOC sequestration potential, since the variability in biophysical characteristics of the agroforestry systems such as age, stand structure as well as management practices, affects their productivity, and net C inputs to the soil (Albrecht and Kandji 2003) . Thus, there is a need to determine the SOC storage under different agroforestry systems under varying ecological conditions to obtain a better understanding of SOC sequestration potential of these systems.
The objectives of this study were to (i) determine the role of six shelterbelt species in facilitating long-term C storage in the mineral soil (0-50 cm) and litter layer compared with adjacent agricultural fields and (ii) identify the influence of various biophysical characteristics associated with the shelterbelts, including stand age and structure, tree species and shelterbelt design characteristics, on the SOC sequestration potential of shelterbelts. This study is based on the hypothesis that SOC storage under the shelterbelts will be greater compared with adjacent agricultural fields.
Materials and Methods

Selection of study sites
Six shelterbelt species, green ash (Fraxinus pennsylvanica), hybrid poplar (Populus spp.), Manitoba maple (Acer negundo), white spruce (Picea glauca), Scots pine (Pinus sylvestris), and caragana (Caragana arborescens), were sampled for this study. The shelterbelt sites for sampling were identified by a site-selection approach that has been described in detail by Amichev et al. (2016) . Briefly, 106 ecodistricts within Saskatchewan, as defined by the National Ecological Framework for Canada, were grouped into 31 soil zone clusters based on the similarity of 32 climatic, site, and soil variables obtained from the National Ecological Framework for Canada dataset and 10 additional variables taken from the data by Soil Landscapes of Canada, v.3.2 (SLC 2010) . In this way, the agricultural land area of Saskatchewan within the five soil zones was divided into a manageable number of clusters for further analysis. The cluster with the highest number of trees shipped for shelterbelt planting of a particular species, according to the Prairie Farm Rehabilitation Administration tree orders database, was chosen for sampling of that species. Green ash, hybrid poplar, and Scots pine had the highest tree numbers in the Black soil zone, caragana in the Brown soil zone, Manitoba maple in the Dark Brown soil zone, and white spruce in the Dark Gray soil zone. The randomized branch sampling procedure was applied within each of the chosen soil clusters to randomly select the specific sampling sites for each of the shelterbelt species. A total of 59 sites were selected on the arable portions of Saskatchewan across the Boreal Plain and Prairie ecozones (Fig. 1) . The selected sites consisted of 10 sites each for hybrid poplar, Manitoba maple, and caragana, 11 sites for Scots pine, and nine sites for green ash and white spruce shelterbelts.
Sampling procedure
At each sampling site, three sampling locations (20 m apart) were chosen for soil sampling along a transect in the middle of the shelterbelt row. Similarly, three sampling locations were chosen in the adjacent agricultural field at a fixed distance perpendicular to the shelterbelt. The distance of the field transect from the shelterbelt was more than twice the height of the shelterbelt trees to avoid the influence of the shelterbelts and ranged from 50 to 100 m. At each sampling location, one soil sample was collected at 0-5, 5-10, 10-30, and 30-50 cm depths, respectively, using a hand auger (6.58 cm dia.) during the summer of 2013. Prior to soil sampling, aboveground tree litter, consisting of needles, leaves, twigs, and branches, was also collected at each site from a 0.5 m × 0.5 m area centered on sampling points within the shelterbelt row.
Soil bulk density was measured for a single sampling location within the shelterbelt and field sites, respectively, using a core sampler (5.4 cm dia. × 3 cm length). The center of core was 5, 20, and 40 cm from the soil surface, providing bulk density estimates for 0-10, 10-30, and 30-50 cm soil depths respectively. Soil samples were collected in plastic bags and air-dried at room temperature prior to processing and storage for laboratory analysis. Litter samples were collected in paper bags, dried at 60°C for 48 h and weighed, prior to laboratory analysis.
Laboratory analyses
Mineral soils were crushed and passed through a 2 mm sieve to separate and discard coarse stone fragments, which were negligible in amount. Soil (<2 mm) and litter samples were further ground and sieved to a size of <250 μm. Soil pretreatment consisting of an acid fumigation procedure with concentrated hydrochloric acid (12 mol L −1 HCl) to remove soil carbonates was performed on the soil samples for estimation of SOC (Harris et al. 2001; Dhillon et al. 2015) . Approximately 0.25 g of the powdered soil sample was placed in a silver boat liner and weighed, and 1 mL of distilled water was added to the soil samples to moisten them, which increased the efficiency of carbonate removal by the HCl fumes (Harris et al. 2001) . The moistened samples were exposed to the HCl fumes by placing them in a vacuum desiccator along with a 150 mL beaker with 100 mL of concentrated HCl (12 mol L −1 ) for 24 h to remove soil carbonates. Finally, the carbonate-free samples were heated in a ventilated area with a drying oven at 105°C for 16 h to remove the residual moisture and excess HCl. The pretreated soil samples and the litter samples (without any pretreatment) were analyzed for OC content using an automated C632 LECO analyzer (LECO Corporation, St. Joseph, MI, USA) at a combustion temperature of 1100°C and a maximum combustion time of 10 min. Soil bulk density was determined by oven-drying the soil samples at 105°C for 24 h and dividing the oven-dried mass of the sample with the core volume.
Calculations and statistical analysis
Arithmetic means of SOC concentrations for three soil samples, collected at each sampling site, were calculated to obtain the representative SOC concentration of each site (n = 59). Stocks of SOC (Mg C ha ) under the shelterbelts and fields were determined using the measured bulk density values (g cm −3 ) and the SOC concentration (%) of the samples for 0-10, 10-30, and 30-50 cm soil depths, and added to obtain cumulative SOC stocks in the top 50 cm of the mineral soil. The difference between the SOC stocks (0-50 cm depth) of shelterbelts and adjacent agricultural fields was used to estimate the SOC sequestration by shelterbelts. This estimation is based on the assumption that SOC content in agricultural soils of Canada has nearly reached equilibrium, after decades of cultivation (Smith et al. 2000) . C stocks in the litter were determined using the OC content of litter samples (%), litter mass (g), and sampling area (0.25 m 2 ). A weighted average of SOC concentration for the whole soil profile (0-50 cm soil depth) was calculated based on the SOC concentration of the individual soil layers (0-5, 5-10, 10-30, and 30-50 cm) .
Data on SOC concentration and stocks were analyzed using a two-way mixed analysis of variance (ANOVA) procedure, with the land cover (i.e., shelterbelts vs. fields) analyzed as the within-subjects factor. In the presence of a significant interaction, simple main effects were considered. Residuals were checked for normality using Q-Q plots. Assumption of sphericity and homogeneity of covariance were checked using Mauchy's test of sphericity and Box's test of equality of co-variance matrices, respectively. One-way ANOVA, followed by post-hoc analysis by Fisher's LSD, was performed to examine the differences among shelterbelt species.
Stand characteristics are considered to be important in regulating the SOC concentration, thus they were compared as potential determinants of SOC accrual for shelterbelts. Pearson's correlation analysis was performed to determine the relationship between stand characteristics and the difference in SOC concentration. Additionally, sequential (or residual) regression analysis (Graham 2003 ) was performed to estimate the effect of stand characteristics as explanatory variables for the difference in SOC concentration between shelterbelts and agricultural fields in the surface (0-10 cm depth) and subsurface (10-50 cm depth) soil layers. The stand characteristics included in the sequential regression models were stand age (model 2), amount of surface litter (model 3), tree characteristics including crown width and tree height (model 4), and stand design characteristics including tree density and, the number and spacing of tree rows (model 5), after controlling for the variance due to shelterbelt species (model 1). The order of variables included in the models was determined a priori, based on their ecological importance. In the sequential regression approach, new orthogonal variables were created by linearly regressing the predictor variables entered later in the model against the variables entered in the prior models (See Appendix A for details), to remove the collinearity between the predictor variables (Graham 2003) . The additional variance of the response variable (i.e., difference in SOC concentration) explained in the sequential regression models represents the incremental variance explained by the newly added predictor variables, over and above the variance explained by the previously added variables (Graham 2003; Dormann et al. 2013) . While the SOC content is known to be strongly related to climatic factors such as precipitation and temperature, as well as soil properties such as texture (Paul et al. 2002) , these factors were assumed to be uniform within the shelterbelt and the agricultural field and hence not considered. This assumption is reasonable given the close proximity of each shelterbelt to its reference field in the paired site design. For the statistical analysis, a P value of 0.1 was used to assess the significance. This was done to reduce the risk of type II error, since a substantial variation in the soil properties and vegetation composition was expected due to the geographic expansion of the study. Statistical analysis was performed with IBM SPSS Statistics version 23 (SPSS Inc., Chicago, IL, USA) and the R statistical software (R Development Core Team 2016).
Results
Soil organic carbon concentration and stocks for shelterbelts and fields SOC concentrations for the shelterbelts were significantly higher compared with the agricultural fields at all soil depths (Table 1 and Fig. 2a ). Mean SOC concentration to 50 cm depth was greater by 30% for shelterbelts compared with the agricultural fields. Similar to SOC concentration, SOC stocks were also greater for shelterbelts compared with agricultural fields up to 30 cm soil depth (Fig. 2b) . However, the difference in SOC stocks (+19%) was less pronounced compared with those for the SOC concentration, which can be attributed to lower soil bulk density under the shelterbelts compared with the agricultural fields (Fig. 2c) . Soil bulk density of shelterbelts was lower by 13% at the 0-10 cm depth and 7% at the 10-30 cm depth compared with agricultural fields. The difference in SOC concentration for the shelterbelts was highest at 0-5 cm (+11.5 g C kg −1 ) and declined with soil depth at 5-10 (+6 g C kg −1 ), 10-30 (+6.5 g C kg −1 ), and 30-50 cm (+0.9 g C kg −1 ; Fig. 2a ). In contrast, the percentage difference in SOC concentration for the shelterbelts was highest for the 10-30 cm soil depth (+43%), compared with the 0-5 (+37%), 5-10 (+23%), and 30-50 cm (+8%) soil depths. Similarly, the highest increases in SOC stocks for shelterbelts compared with adjacent fields were at the 10-30 cm depth, which were 34% higher for shelterbelts with an average difference of 13 Mg C ha −1 . The 0-10 cm soil depth had 4 Mg C ha −1 higher SOC for shelterbelts compared with fields, which was equivalent to a difference of about 12% in SOC stocks, while the 30-50 cm soil layer had 1.4 Mg C ha −1 more for shelterbelts compared with fields, equivalent to a difference of 5% in SOC stocks. The change in SOC concentration between the shelterbelts and the adjacent agricultural fields varied with the shelterbelt tree species (Table 2 and Fig. 3 ). At the 0-5 cm soil depth, the highest difference in the mean SOC concentration under shelterbelts compared with fields was observed for white spruce (+20.8 g C kg −1 ) and hybrid poplar shelterbelts (+20.7 g C kg −1 ), followed by Scots pine (+13.9 g C kg −1 ), caragana (+7.6 g C kg −1 ), Manitoba maple (+5.1 g C kg −1 ), and green ash (+0.8 g C kg −1 ). At the 10-30 cm soil depth, the difference in SOC concentration between hybrid poplar shelterbelts and adjacent agricultural fields (+11.2 g C kg −1 ) was higher than that for Manitoba maple (+3.4 g C kg −1 ) and caragana (+2.1 g C kg −1 ). The difference in SOC concentrations between species was not statistically significant at the 5-10 and 30-50 cm soil depths (Fig. 3) . Averaged across the 0-50 cm soil depth, the highest difference in mean SOC concentration compared with the adjacent agricultural fields was observed for hybrid poplar (+54%) shelterbelts, followed by white spruce (+41%), Scots pine (+34%), caragana (+19%), Manitoba maple (+15%), and green ash (+14%) shelterbelts. Similarly, the average differences in SOC stocks (0-50 cm depth) between shelterbelts and the adjacent agricultural fields were positive for all shelterbelt species, and decreased in the order of hybrid poplar (+38 Mg C ha −1 ), white spruce (21 Mg C ha −1 ), Scots pine (+20 Mg C ha −1 ), green ash (+15 Mg C ha −1 ), Manitoba maple (+11 Mg C ha −1 ), and caragana (+6 Mg C ha −1 ) ( Table 3) . Besides the SOC stored in the mineral soil profile, additional carbon was also stored in the litter layer under the shelterbelts. Mean carbon storage in the litter layer varied from 3.1 to 8.3 Mg ha −1 for different shelterbelt species (Table 3) .
SOC stored in the top 50 cm of soil for shelterbelts and adjacent agricultural fields averaged 119.1 and 100.5 Mg ha −1 , respectively. Thus, the SOC stocks of shelterbelts were higher than the adjacent fields by of 18.6 Mg C ha −1 of SOC for shelterbelts. The difference in SOC stocks for the shelterbelts compared with the adjacent fields varied from a loss of SOC of 49 Mg C ha −1 to a gain of 85 Mg C ha −1 of SOC in the top 50 cm soil depth for the different shelterbelt sites (Fig. 4a) . Out of the 59 sites studied, 16 sites showed a loss of SOC for the shelterbelts and of these 16 sites, 13 sites had a stand age of 20 yr or less. While the younger shelterbelts showed negative SOC accrual, SOC accrual rates increased with an increase in shelterbelt age (Fig. 4b) . The median SOC accrual rate was 0.7 Mg C ha −1 yr −1 for shelterbelt plantations.
Shelterbelt characteristics and SOC
The stand characteristics of all the shelterbelt species are summarized in Table 4 . Hybrid poplar shelterbelts had significantly higher average crown width, tree height and tree diameter compared with the other shelterbelt species (Table 4) . The coniferous species, such as white spruce and Scots pine, also had higher average tree height and tree diameter compared with green ash, Manitoba maple, and caragana. Similarly, the amount of surface litter was also higher in Scots pine compared with the hardwood species and caragana shelterbelts. Tree density was highest for caragana but did not differ significantly for other shelterbelt species. Pearson's correlation analysis indicated that the stand characteristics were significantly correlated with each other (Table 5 ). Stand age was positively correlated with average tree height (Pearson's correlation coefficient (r) = 0.605, P < 0.001), average tree diameter (r = 0.627, P < 0.001), and the amount of litter (r = 0.719, P < 0.001). Similarly, there was a moderate, positive correlation between average tree height, average tree diameter, and average crown width (Table 5) . Additionally, there was a moderate to strong, positive correlation between the difference in SOC concentration at all soil depths and the shelterbelt stand characteristics, including stand age, average tree diameter, and tree height and amount of surface litter (Table 6 ). Tree density (trees per kilometre) did not show a statistically significant correlation with the difference in SOC concentration. , and soil bulk density (C) of shelterbelts and adjacent fields at different soil depths. Bars represent standard error (n = 59). Different letters above bars at each depth indicate significant difference at P < 0.1, as determined by two-way mixed ANOVA. Note: Values are the means with standard error in the parenthesis. Mean values with the same letter for shelterbelts and their adjacent agricultural fields indicate no significant difference at P < 0.1, determined using two-way mixed ANOVA. "n" is equal to 10 for hybrid poplar, Manitoba maple, and caragana shelterbelts and their adjacent agricultural fields; 9 for white spruce and green ash shelterbelts and their adjacent agricultural fields; and 11 for Scots pine shelterbelts and its adjacent agricultural fields. While the correlation analysis indicated that the stand characteristics are significantly related to the difference in SOC concentration, a sequential regression analysis was performed to determine their relative importance to the change in SOC concentration of the shelterbelts compared with agricultural fields in the surface (0-10 cm depth) and subsurface (10-50 cm depth) soil layers (Table 7) . Stand age was the most important predictor of the difference in SOC concentration and contributed highly to a statistically significant increase in the coefficient of determination (R 2 ) of the regression models for both the surface and subsurface soil layers. The amount of surface litter also contributed significantly to the model for both soil layers, although the change in R 2 associated with the addition of the amount of surface litter was less compared with age. Tree physiological characteristics including average crown width and average tree height contributed significantly to the increase in explained variance of the model (R 2 ) for only the subsurface soil layer. Shelterbelt design characteristics such as tree spacing, tree density and number of tree rows did not contribute significantly to the difference in SOC concentration at any soil depth. The maximum adjusted R 2 of the models for both soil layers varied from 0.586 to 0.738, indicating that around 59%-74% of the variability in the difference of SOC concentration could be explained by these models.
Discussion
Soil organic carbon stocks and depth distribution under the shelterbelts Shelterbelts generally had a higher SOC concentration compared with the agricultural fields indicating that the shelterbelts have added significant amount of organic carbon to the soils (Table 2 ). Similar trends of higher SOC concentration have been observed in other agroforestry systems when the trees are incorporated into agricultural systems (Sauer et al. 2007; Bambrick et al. 2010; Baah-Acheamfour et al. 2015) . Greater SOC accumulation under the shelterbelts compared with agricultural fields is attributed to higher C inputs from the aboveground leaf litter as well as belowground root litter and rhizodeposition (Lorenz and Lal 2014) . Shelterbelts may also lead to an increase in SOC by intercepting blowing wind leading to deposition of wind-blown organic detritus, as well as a reduction of surface soil C loss owing to wind and water erosion (Mize et al. 2008) . Lower SOC concentrations in the agricultural soils may also be due to higher decomposition rates of SOC due to practices such as cultivation and tillage, leading to the breakdown of soil aggregates (Dick et al. 1998; West and Post 2002) . In addition, the removal of crop biomass through harvested products such as grains or straw also leads to a reduction in SOC inputs to the soil (Paustian et al. 2000) .
Shelterbelts were observed to have lower soil bulk density compared with agricultural fields in our study (Fig. 2b) , which has also been observed in other studies (Hansen 1993; Messing et al. 1997 ). This trend is attributed to the increase in OM content of soils (Davidson et al. 1967) , lack of soil compaction due to heavy machinery (Hamza and Anderson 2005) , and increased abundance of tree roots (Lorenz and Lal 2014) and soil invertebrates such as earthworms (Price and Gordon 1998) under the tree component of the agroforestry system. Note: Values are the means with standard error in the parenthesis. Mean values with the same letter for shelterbelts and their adjacent agricultural fields indicate no significant difference at P < 0.1, determined using two-way mixed ANOVA. "n" is equal to 10 for hybrid poplar, Manitoba maple, and caragana shelterbelts and their adjacent agricultural fields; 9 for white spruce and green ash shelterbelts and their adjacent agricultural fields; and 11 for Scots pine shelterbelts and its adjacent agricultural fields. Fig. 4 . Relationship between the difference in soil organic carbon (SOC) stocks of shelterbelts and adjacent fields and shelterbelt age (A), and SOC accrual rate of the shelterbelts and shelterbelt age (B). "n" is equal to 59. Note: Values with the same letter within a row are not significantly different at P < 0.1, according to Fisher's LSD analysis. N/A, data not available. "n" is equal to 10 for hybrid poplar, Manitoba maple, and caragana shelterbelts; 9 for white spruce and green ash shelterbelts; and 11 for Scots pine shelterbelts.
The highest increase in SOC stocks for shelterbelts was observed at the 10-30 cm soil depth (Table 3 ). The increase in SOC stocks with depth under trees is primarily due to the decomposition of the deeper tree roots and rhizodeposition Lal 2005, 2014) . The root-derived C inputs may equal or exceed the aboveground C inputs due to leaves from litterfall (Scheu and Schauermann 1994; Jackson et al. 1997 ). Upson and Burgess (2013) similarly reported a maximum increase in SOC concentration in the 20-40 cm soil depth, which also had the greatest quantity of coarse roots in a poplar-based temperate agroforestry system. Reduced SOC accumulation in the surface layers could be attributed to a greater loss of SOC due to mineralization compared with the subsurface layers, especially in the younger plantations (Hansen 1993) . The root-derived C inputs to the subsurface layers are considered more stable compared with the shootderived C, due to the higher chemical recalcitrance of root-derived C (Lorenz and Lal 2005) and increased physico-chemical protection through interaction with soil minerals (Rasse et al. 2005 ). Thus, the subsurface The asterisk (*) denotes that the correlations are statistically significant at P < 0.05. Table 7 . Sequential regression analysis (n = 59) predicting the change in SOC concentration of the shelterbelts due to shelterbelt species (model 1), shelterbelt age (model 2), amount of litter (model 3), major tree characteristics (model 4), and major shelterbelt design characteristics (model 5) in the surface (0-10 cm depth) and subsurface (10-50 cm depth) soil layers.
Model Variables added
Surface soil (0-10 cm depth) Subsurface soil (10-50 cm depth) Note: The asterisk (*) denotes that the correlations are statistically significant at P < 0.05.
soil layers may play a prominent role in increasing the soil C stocks and their residence time and must be taken into account in determining the SOC sequestration potential of agroforestry systems. Average SOC stored under the tree species varied from 80-149 Mg C ha −1 to a 50 cm soil depth (Table 3) , which is within the reported range of 30-300 Mg C ha −1 for agroforestry systems (Nair et al. 2010 ). The average difference in SOC stored up to the depth of 50 cm under the shelterbelt species compared with the adjacent fields ranged from 6-38 Mg C ha −1 , with a median SOC sequestration rate of 0.7 Mg C ha −1 yr −1 . These SOC sequestration rates are comparable to those of other agroforestry systems reported in the literature. Sauer et al. (2007) higher SOC stock in 21-yr-old (0-20 cm depth) and 8-yrold (0-30 cm depth) tree-based intercropping systems in Canada, respectively. Younger shelterbelt plantations showed a loss in SOC compared with the reference agricultural plots (Fig. 4a) . Soil carbon loss can accompany tree stand establishment, followed by net gains as the stand matures (Grigal and Berguson 1998; Wang et al. 2013 ). This temporary loss of soil C is due to the rapid mineralisation of SOC during plantation establishment and depends on the site preparation methods (Johnson 1992; Hansen 1993 ).
Effect of shelterbelt characteristics on SOC sequestration
While all the six studied shelterbelt systems showed higher SOC sequestration potential compared with conventional agricultural systems, hybrid poplar had the highest increase in SOC stocks followed by white spruce and Scots pine (Table 3 and Fig. 3) . The broadleaved species, green ash and Manitoba maple, as well as the shrub, caragana had smaller increases in SOC stocks compared with hybrid poplar and coniferous species. These trends are similar to the other studies on agroforestry systems, which found higher SOC sequestration under hybrid poplar followed by the coniferous species (Peichl et al. 2006; Wotherspoon et al. 2014) . The variation in SOC sequestration potential of the species may be attributed to the differences in overstory stand characteristics among the species (Table 4) . Tree overstory characteristics such as crown width as well as tree height and diameter were highest in hybrid poplar followed by white spruce and Scots pine (Table 4) . Similarly, the amount of surface litter was also highest in Scots pine and white spruce. These findings indicate that hybrid poplar and coniferous stands were composed of larger trees with a closed canopy structure and higher net primary production, while the other broadleaved and caragana shelterbelts consisted of smaller trees. The overstory characteristics of tree plantations can influence SOC accumulation by affecting the litterfall input from overstory and understory vegetation, or indirectly by affecting the soil microclimatic conditions (Woldeselassie 2009 ).
The effect of the stand overstory characteristics on SOC storage was further studied using Pearson's correlation and sequential regression analyses. SOC storage beneath the shelterbelts was most significantly related to stand age and amount of litter accumulated under the trees. Earlier studies on soil SOC sequestration have also found stand age (Hansen 1993) and carbon inputs to the soil via litter production (Grogan and Matthews 2002; Garten et al. 2011) to be important determinants of SOC storage. Higher surface litter quantity not only increases the SOC accumulation in surface layers due to increased C inputs but also leads to increased production of dissolved organic carbon (DOC) that may leach to deeper soil horizons and contribute to subsoil SOC storage (Vesterdal et al. 2013) . Besides stand age and litterfall, the increase in SOC was significantly correlated to overstory structure characteristics, including tree height and diameter, and crown width (Table 6 ). Since the overstory characteristics are also significantly related to the amount of litterfall (Table 5) , their effect on SOC accumulation may be partially linked to their contribution to an increase in net primary production. However, sequential regression analysis revealed that the overstory structure characteristics contributed to SOC sequestration over and above the addition of litterfall amounts in the subsurface soil layer (Table 7) . This trend may be attributed to the influence of canopy structure on understory vegetation and soil microclimate, thus regulating SOC loss through decomposition (Woldeselassie 2009 ). Shelterbelt design characteristics such as tree density and tree spacing, however, did not affect the amount of SOC sequestered (Tables 6 and 7) . While tree density is generally considered to be an important predictor of SOC stocks due to its influence on biomass production and litter input (Saha et al. 2009; Kunhamu et al. 2011) , our results are in agreement with the recent studies that did not observe the effect of tree density on SOC stocks (Davis et al. 2007; Laganiere et al. 2010; Woldeselassie et al. 2012) . The combination of stand age, structural, and design characteristics could explain 59%-74% of the variability in SOC increase in the surface (0-10 cm) and subsurface (10-30 cm) soil depths. This finding is comparable to other studies where the site variables explained about 50%-65% of the variability in SOC stock (Grigal and Ohmann 1992; Hontoria et al. 1999) . The unexplained variability is attributed to within-site SOC variability, effects of agricultural management practices, and measurement errors (Hontoria et al. 1999 ).
Conclusion
Shelterbelts, as an agroforestry system, show significant potential for the sequestration of SOC compared with agricultural cropping systems. The shelterbelt stand characteristics such as shelterbelt species, age, and height, and crown width of trees accounted for 59%-74% of the within-site variability in SOC sequestration potential; however, there is still a need for further research into the effect of soil, climatic, and management factors on the soil C sequestration potential of agroforestry systems to better exploit their potential for mitigating atmospheric CO 2 emissions. A major portion of SOC was sequestered in the subsurface soil layers (10-30 cm), thus underscoring the importance of including deeper soil horizons in the determination of C sequestration potential of agroforestry systems. Younger shelterbelts tended to show a loss in SOC, indicating that major benefits of SOC sequestration under the shelterbelts may only be achieved at decadal time scales.
Quantification of SOC stocks under shelterbelt trees is necessary to complement the aboveground and belowground biomass C stock estimates to determine the full potential of shelterbelts as a strategy for C sequestration. This study indicates that soil and litter C stocks can significantly contribute to the overall C sequestration potential of shelterbelt systems, and can play an important role in offsetting the atmospheric CO 2 emissions due to agricultural practices in Canada.
Variables used in sequential regression analysis SPx = shelterbelt species, where x represents different species (HP, WS, GA, CR, MM, SP). A = stand age (in years); A′ = residual of stand age (A) after removing variability shared with shelterbelt species. L = amount of surface litter (in g m −2 ); L′ = residual of litter (L) after removing variability shared with SPx and A′. CW = tree crown width (in m 2 ); CW′ = residual of tree crown width (CW) after removing variability shared with SPx, A′, and L′. H = tree height (in m); H′ = residual of tree height (H) after removing variability shared with SPx, A′, L′, and CW′. D = tree density (in trees km −1 ); D′ = residual of tree density (D) after removing variability shared with SPx, A′, L′, CW′, and H′. S L = tree spacing by length (in m); S L ′ = residual of tree spacing by length (S L ) after removing variability shared with SPx, A′, L′, CW′, H′, and D′.
S w = tree spacing by width (in m); S w ′ = residual of tree spacing by width (S w ) after removing variability shared with SPx, A′, L′, CW′, H′, D′, and S L ′. R = number of tree rows; R′ = residual of number of tree rows (R) after removing variability shared with SPx, A′, L′, CW′, H′, D′, S L ′, and S w ′.
Transformation Equation 1
Stand age (A) regressed against shelterbelt species (SPx) using linear regression. Multiple R 2 = 0.602; adjusted R 2 = 0.5561.
F [6, 52] = 13.11; P < 0.001.
Coefficients
Transformation Equation 3
Crown width (CW) regressed against SPx, A′, and L′ using linear regression. 
Coefficients
Transformation Equation 4
Tree height (H) regressed against SPx, A′, L′, and CW′ using linear regression. 
Transformation Equation 6
Tree spacing by length (S L ) regressed against SPx, A′, L′, CW′, H′, and D′ using linear regression.
S L ′ = S L − 2.57 − SPx + 0.01A′ + 0.001L′ − 0.1CW′ + 0.02H′ + 0.002D′; where SPx = 0 if HP, 0.13 if WS, −0.38 if GA, −0.01 if MM, −1.65 if CR, and 0.17 if SP.
Multiple R 2 = 0.6262; adjusted R 2 = 0.5483.
F [10, 48] = 8.04; P < 0.001.
Coefficients
Transformation Equation 7
Tree spacing by width (S w ) regressed against SPx, A′, L′, CW′, H′, D′, and S L ′ using linear regression. Multiple R 2 = 0.4268; adjusted R 2 = 0.2926.
F [11, 47] = 3.181; P = 0.003.
Coefficients
Transformation Equation 8
Number of tree rows (R) regressed against SPx, A′, L′, CW′, H′, D′, S L ′, and S W ′ using linear regression. R′ = R − 3.30 − SPx − 0.001A′ − 0.002L′ + 0. 
